ABSTRACT For underwater gravity matching navigation, matching area selection has a significant impact on navigation accuracy. Since the changes of gravity anomaly between grids of gravity background map is different, when the underwater vehicle passes through the same matching area in different directions, the matching efficiency is also different. Therefore, for measuring the navigability of each grid point, a gravity anomaly sum vector-difference parameter is proposed. Its direction is with the largest comprehensive difference of local gravity anomaly, which can estimate the local matching direction. Its modulus value is the absolute difference of the gravity anomaly value between the central point and its local region. Compared to traditional scalar parameter, the vector parameter can obtain the matching suitability of the direction. In order to select efficient matching areas, the entropy method is applied to fuse the proposed sum vector-difference parameter with traditional gravity characteristic parameters to obtain the comprehensive characteristic parameter. Simulation results show that compared with the traditional method, the proposed method fully used the gravity information, and selected matching areas are more concentrated and continuous.
I. INTRODUCTION
Inertial navigation system (INS) is a widely used autonomous passive navigation system for underwater vehicles [1] - [4] . INS has high accuracy in a short time, but its errors accumulate over time [5] - [7] . When it is applied to long endurance navigation, the errors must be corrected during certain period [8] , [9] . As a stable passive navigation, gravity matching navigation has been applied to assist INS in underwater vehicles [10] . With real time gravity measurement and gravity field reference maps, gravity-aided navigation system can obtain the position estimation of underwater vehicle by a certain matching criterion [11] , [12] . Compared with other geophysical navigation, it is a passive and reliable navigation method with relatively high precision.
Gravity matching area selection is a key module of gravityaided inertial navigation [13] , [14] . The performance of the system is closely related to the change of the gravity field parameter of the area where the underwater vehicle is located. The area with obvious parameter changes is good for high
The associate editor coordinating the review of this article and approving it for publication was Yuan Zhuang. accuracy matching. It is necessary to select the suitable area for gravity matching according to the distribution characteristics of the area [15] , [16] . The traditional selection method of matching areas mainly relies on local statistical parameters of gravity anomaly, such as the standard deviation and variation coefficient for measuring the dispersion degree of local area data and so on [17] . And the selection of the matching area is accomplished by single or multiple selection criteria of these traditional parameters.
However, for each grid in the same area, the change of gravity anomaly data is directional [18] . In some areas, the standard deviation is larger, while the roughness is larger only in longitude or latitude direction, and smaller in other directions, which means the gravity field characteristics are more obvious only in a certain range of directions. However, the traditional methods with scalar parameters cannot directly measure the directionality and further obtain this direction [19] . Thus, in navigability analysis, we should not only consider the approximate change of the overall gravity anomaly data, but also the navigability of the specific direction of each point. In addition, due to the irregularity and uncertainty of gravity field distribution, and the existence of interference information such as gravity measurement errors, it is difficult to perform completely accurate gravity matching and positioning, resulting in mismatch. For the mismatch is inevitable, unlike traditional methods, we can do the matching analysis from the perspective of directly decreasing the mismatch rate.
Therefore, based on the local direction estimation algorithm in image feature analysis [20] , [21] , we perform vector summation on the difference vector of local gravity anomaly of grids in all directions to obtain the most intense direction of local gravity anomaly change. According to the circular error probability characteristic and 3 sigma rule, if the gravity anomaly difference between the grids exceeds three times of the standard deviation of the gravity anomaly measurement error, the probability of mismatch is almost zero. Thus, different from the traditional methods, we directly process the difference vector modulus of all directions of the sample grid by considering the mismatching rate, and integral these modulus to obtain the value of the difference degree of the local gravity anomaly at the grid. Combining the above direction with this integral value, we propose the gravity anomaly sum vectordifference as an evaluation index which can both estimate the matching direction and characterize the navigability. Then we fuse the characteristics of traditional characteristic parameters with the proposed parameter by using entropy method to construct a comprehensive characteristic parameter evaluation model.
The rest of the paper is organized as follows. In Section II, we describe the gravity anomaly sum vector-difference and give its calculation formula. In Section III, we propose an improved method for the matching area selection. In Section IV and V, we analyze the simulation and experiment results respectively. Section VI draws the conclusions.
II. GRAVITY ANOMALY SUM VECTOR-DIFFERENCE
Local direction information is an important feature of multidimensional data. It is widely used to calculate the direction information of multi-dimensional data, such as image segmentation, edge extraction, and texture analysis. Gravity field is a geophysical field with stable and continuous distribution. Its data dimension composition can be divided into twodimensional discrete data and one-dimensional continuous data, which is similar to the image. Therefore, the direction estimation can be introduced to evaluate the gravity field characteristics. However, the specific requirements of image is different from the gravity matching. For the selection of gravity matching areas, it is mainly to select the available points with a large difference between the surrounding points in gravity anomaly value, which is not based on the magnitude of the gravity anomaly value but the degree of change. Thus, we just introduce the idea of the direction estimation algorithm to determine the matching direction information based on the comparative analysis of certain statistical data (such as the difference of gravity anomalies, gradient.).
The matching area we need to select is where the gravity anomaly value changes greatly, like the steep area in Fig.1 . Due to the irregularity of the gravity field distribution, there is a maximum direction of local gravity anomaly change at each point, but the magnitude of modulus in this direction is different. As shown in Fig.1 , for the point like ''point 1, the mountaintop'' or ''point 3, the steep area'', there is an offset in calculating its sum direction vector by using the direction estimation method, so that the modulus of the sum direction vector is small. But this sum direction is still the largest direction of comprehensive difference of the point. For ''point 2, the near mountaintop area'', the modulus of its sum direction vector is larger, and the direction is approximately point 1 and its connection direction. From the above analysis, we can obtain that the gravity anomaly sum direction vector based on the direction estimation can represent the maximum direction of the comprehensive difference of gravity anomaly at each point. However, due to the nature of the gravity field distribution, the directionality of the difference vector will be incompletely offset, resulting in the modulus of sum direction vector of points where the gravity information fluctuates greatly are small. Therefore, we can use the direction of sum direction vector to estimate the matching direction. In this direction, the gravity anomaly changes mostly. But it is clear that the modulus of sum direction vector cannot be used to measure the navigability.
The basic purpose of the matching area selection is to improve matching success rates. The points with similar gravity anomaly value in the local region are likely to cause mismatch. And according to the principle of circular error probability (CEP), when doing the navigability analysis, we can measure the navigability of the center point by calculating the interference degree of each point in the local area to the matching of the center point. We use the density function estimation to represent this interference based on the difference of the gravity anomaly value between each point and the center point. A larger weight value is assigned to the point with less interference. The integral of the density estimate values can be used as a character of the difference degree of the gravity anomaly between the center point and surrounding points. By combining the direction of sum direction with it, we obtain the gravity anomaly sum vector-difference.
Taking the calculation of the gravity anomaly sum vectordifference d of grid x as an example,
T is the geographical location; g is the value of gravity anomaly. VOLUME 7, 2019 1) Calculating gravity anomaly difference vector g x i . It is stored in two form values. One is its modulus value, that is, the absolute difference value of gravity anomaly between the current grid x and the ith grid x i in local area. The other is its direction, that is, the direction that grid x points to the corresponding grid x i .
2) Processing difference vectors by combining gravity matching features. For the obtained difference vector in each direction, on the one hand, since the statistic has a large difference in the value, the modulus value needs to be normalized. On the other hand, since the characteristic parameters are local parameters, the spatial distribution needs to be constrained. Thus, we should consider both gravity anomaly value and spatial distribution, which are described as follows.
A. GRAVITY ANOMALY VALUE DOMAIN
Based on CEP and 3 sigma rule, we calculate the influence of gravity anomaly value of surrounding grids on the location of center grid to evaluate its navigability. Because both the uniform and Gaussian functions have the characteristics of simple structure and calculation, they have been widely used. We can assign uniform or Gaussian weight coefficients to the modulus of difference vectors.
When we choose the uniform distribution, the expression of gravity anomaly density function k g is as follows:
where, g x i represents the gravity anomaly difference between the grid x and the ith grid x i in local area; h g is the gravity anomaly bandwidth, and it represents the variation range of the gravity anomaly observation error. According the CEP and 3 sigma rule, h g is set to 3σ g , where σ g is the standard deviation of gravity anomaly observation error. When the value of gravity anomaly difference is greater than the bandwidth, the probability of mismatching in this direction is 0, and the navigability is considered to be excellent, and the modulus value is assigned 1. When uniform distribution is chosen, it counts the number of local points that do not interfere positioning of center point. It is considered that when the difference is smaller than bandwidth, the mismatch is caused and the loss is the same. When we choose the Gaussian distribution, the expression of gravity anomaly density function k g is as follows:
where, x i and h g are defined as same as above; σ r is the standard deviation of the local gravity anomaly domain. Here, it is set to σ g . Since we set 1 for best navigability here, we need to convert the basic Gaussian density function to the corresponding value. It is symmetrical along the horizontal coordinate axis (gravity anomaly difference modulus axis), and then translated along the longitudinal coordinate axis (k g value axis), so that k g = 1 is the progressive axis. When studying the gravity matching algorithm, the gravity anomaly observation error is generally assumed to be Gaussian distribution. And the selected matching area should be a continuous area. Moreover, when uniform distribution is chosen, the essence of it is to count the matching success rate. The case where mismatch may occur is directly considered mismatch, resulting in a one-sided analysis. While the Gaussian distribution selected, it can perform further comprehensive statistics on the possible mismatch probability according to the difference value, making the level more abundant. By contrast, statistical results based on Gaussian distribution are more complete and reasonable.
B. SPACE DOMAIN
It is necessary to limit the scope of the calculation field. This value is valid only in the immediate domain. This relationship is represented by a uniform distribution density function whose expression is:
where, h s is the spatial width. It determines the size of the local statistical range. A statistical range is valid when its distance is less than the spatial bandwidth. By doing this, the statistics is more objective. After considering both gravity anomaly value and spatial distribution, we can proceed the following procedures.
3) Obtaining the comprehensive domain difference vector. Processing each original difference vector based on the above two domain.
4) Obtaining the local characteristic parameter-gravity anomaly sum vector-difference. By integrating the comprehensive difference vector modulus, the influence information of each point on the center point matching is counted, and the modulus of the sum vector-difference is obtained. Calculate the sum vector of the comprehensive difference vectors. The direction of the sum vector is the direction of the sum vectordifference.
In summary, since the background map of gravity anomaly is a grid map, the form of the value of gravity anomaly sum vector-difference of the grid point in local area is:
where, R 3 is the matching space; n_local is the total number of grids in the local area centered on the center grid x; K k g ,k s is a comprehensive density function whose expression is:
where, k g is the density function of gravity anomaly domain; k s is the density function of space domain. k s calculates the degree of the influence of adjacent grid points in the local area on the matching of the center point. The larger the value of d(x) is, the fewer the grid points that cause mismatches are. Even if the matching is disturbed, the error caused by the interference is smaller, and the navigability of such a local area is better. And when the sum vector-difference is in a larger value region, the larger the value is, the more suitable matching direction are, that is, the isotropic property [18] . The smaller the value is, the less the suitable matching directions are, that is, the suitable matching direction is single or more obvious.
III. MATCHING AREA SELECTION METHOD
The sum vector-difference can directly represent the influence degree of surrounding points on the positioning of the center point, measure navigability, and estimate the local maximum difference direction of the gravity anomaly. However, its characteristics are mainly to make a more detailed and intuitive representation of local area navigability, and lack of overall measure of the local area data changes. In addition, the gravitational field is a complex and irregular physics field. It is not enough to express the change of the gravitational field with a single characteristic parameter. Therefore, the sum vector-difference needs to be combined with other gravity characteristic parameters to comprehensively evaluate the navigability of a certain area. The standard deviation of gravity anomaly σ is a commonly used parameter to calculate the distribution of gravity anomaly, which can reflect the degree of dispersion of local gravity anomaly. Gravity anomaly roughness is a measure of the smoothness of a curved surface. The larger the value of these are, the larger the gravity anomaly changes [22] .Through these parameters, the deficiency of sum vector-difference can be compensated. Using the entropy method to fuse these parameters to construct the comprehensive characteristic parameter. The weight is assigned according to the influence of the relative change of the data on the whole gravity field. The index with a relatively larger change has greater weight. The entropy weighting method is based on the principle of ''difference drive'', which can highlight the local difference of the gravitational field and make the obtained index weight more objective.
The formula for calculating σ is as follows:
where, g = 2 ; g is gravity anomaly value, i, j are respectively the row and column values; r is the length of local calculated grid area, which is generally set to 3 or 5.
The formulas for calculating longitude roughness r λ and latitude roughness r ϕ are respectively as follows:
First, normalize the m = 4 gravity characteristic parameters to improve the robustness. According to the above calculation formulas, the greater the value of the four parameters are, the more favorable the gravity matching is, so the minmax standardized calculation formula is used, as follows:
where, v pq is the qth data of the pth gravity characteristic parameter obtained by normalization formula; v 0pq is the original gravity characteristic parameter value; p is the gravity characteristic parameter data set; max( p ) and min( p ) are the maximum and minimum values of the pth gravity characteristic parameter data set p , respectively. Secondly, the entropy weight distribution is performed for each characteristic parameter. In the gravity field theory, the entropy value h p of the pth evaluation index is calculated as follows:
f pq ln f pq (10) where, f pq = v pq / n_total q=1 v pq ;k is the coefficient factor, and k = 1 ln(n_total) ; n_total is the total number of grids of the gravity anomaly map, that is, the number of evaluation objects. When the normalized value of a characteristic parameter is 0, the situation of f ij = 0 will occur. Here, we bring the f pq ln f pq = 0 into the calculation. Finally obtain the entropy value of each gravity characteristic parameter h 1 , h 2 , h 3 , h 4 . Then, the entropy weight is determined by the obtained entropy value. The calculation formula is as follows:
where, w p represents the entropy weight of the pth gravity characteristic parameter, which is a quantized weight value determined according to the importance degree and influence degree of the gravity characteristic parameter on the selected area. Finally, fuse these four characteristic parameters. We can obtain the expression of the comprehensive gravity characteristic parameter T which can synthetically measure the navigability, which is as follows:
The matching area and the non-matching area are divided by T , and the selection criteria of the matching area threshold are:
where, S m is the area of the selected matching area; S r is the area of the real sailing area. 
IV. SIMULATION AND RESULTS ANALYSIS
Simulation experiments were carried out on two different areas (experimental area A and experimental area B) with the latitude and longitude span of 5
• × 5
• using MATLAB. Fig.2 (a) and (b) are the gravity anomaly contour maps of two areas. The gravity anomaly data are obtained from actual measurements and EGM2008 data. The resolution is 2 × 2 , and after interpolation by the cubic function the resolution is 1 × 1 .
By setting h s = 3, h g = 9 (for σ g of two gravity background maps are both equal to 3mgal), and calculating the sum vector-difference value of two areas, Fig.2 (c) and (d) are the filling contour maps of the modulus of sum vectordifference. Fig. 2 (e) and (f) are vector maps of the direction of sum vector-difference. Comparing Figures, it can be found that the areas with large modulus values of sum vectordifference in Fig.2 (c) and (d) are areas with dense gravity anomaly contours, and the value of the area with good navigability can reach 26 or more. Due to h s = 3, the highest value of local navigability d is 28. This shows that the area with good navigability is matched in almost all directions, and has an isotropic characteristic. The red parts in Fig.2 (e) and (f) is the arrow that start with the current point, whose direction is the direction of sum vector-difference and whose modulus can indicate the degree of validity of this direction. The darker the red parts, the more obvious the direction. Part areas of Fig.2 (e) and (f) such as the area X and area Y are enlarged as shown in Fig.3 (a) and (b) .The direction of sum vector-difference has a tendency and changes as the gravity anomaly changes. This illustrates the validity and necessity of calculating the direction, which can provide important reference information for the following gravity navigation work such as path planning and matching. And, in the case where there is a symmetric cancellation of the matching direction of the region, we can perform the second statistical processing by defining the calculation range in combination with the sum vector-difference modulus to obtain multiple matching directions. Because the selection of the matching area does not involve the specific application of the direction, and the pros and cons of the direction also need to be determined according to the specific path. Therefore, the specific use of the direction is not further elaborated, only the validity of the proposed direction calculation method is proved.
For that, we perform the directional matching simulations on the two types of areas area X and area Y by mean absolute deviation (MAD) and mean square deviation (MSD). The area X is an area with small modulus of the direction of the sum vector-difference, and the area Y is an area with a large one. Take the east as the reference 0
• direction, and rotate it 90
• clockwise or counterclockwise respectively according to the trend of the direction. The simulation step size is 1
• .And Initial angular error is 6 , initial position error is 0.1 , gravimeter measurement noise is white Gaussian noise whose variance is 2mgal.
The magenta arrow in Fig.3 (a) and (b) is the sum direction of the sum vector-difference direction of points that all real routes passed. The angle of the direction in area X is around −93.83
• , and in area Y is around 23.20
• . Since the area X is located at dense contours, the mean matching error shown as in Fig.3 (c) is small. From −90
• to 0 • , the overall trend is rising. And the front part rises more slowly. The later part rises sharply. The area Y is located at the sparse contour, and the matching error shown as in Fig.3 (d) is large and fluctuates greatly. The overall shape is concave, and the groove range is approximately 20
• to 30
• . Due to the small difference between the grids in area Y and the noise in matching, the navigability is not good. We can't determine the most suitable direction of area Y from the matching result figure, but we can judge the direction is effective from its overall trend and the approximate groove range.
For the experiment area A and experiment area B, the simulation experiment of matching area selection was carried out by the traditional threshold method and the proposed method under the same selection area. The results are shown in Fig.4 . Ignore the area where the number of grids is smaller than 30 × 30, and the red areas 1 to10 are the selected matching areas.
It can be seen that the most gravity anomaly contoured dense areas are both selected by two methods. However, the proposed method can fully use gravity information, and the selected areas are more concentrated and have better continuity. The area selected by the threshold method is relatively scattered, and some of which are small. Even some areas where the gravity abnormal value changes significantly are missed by threshold method. This is because the proposed method not only constructs the comprehensive parameters including the four parameter features, but also constructs the objective weight based on the importance of each parameter in each area, so that the evaluation results closer to objective reality. However, for threshold method, there are multiple conditions needed to be considered at the same time, and the threshold of each parameter needs to be determined by many repeated experiments. When the parameter threshold condition is loosely, some invalid areas are selected; when it is strictly, some areas are selected less, so that the matching area is discontinuous and areas may be too small. The sum vector-difference values of two experimental areas were respectively calculated, and the results are shown in Table 1 . Seen from Table 1 , the area 1, area 2, area 3, area 5, area 6, and area 8 are both selected by the threshold method and the proposed method based on the entropy. The area 7 and area 9 are individually selected by the former, and the area 4 and area 10 are individually selected by the latter. According to the nature of the sum vector-difference, the larger the value, the lower the probability of mismatching in each direction, the better the navigability and the less sensitive to the direction. For experimental area A, the sum vector-difference values of area 1 and area 3 are larger than the other two areas, indicating that the direction sensitivity is low, and the sum vector-difference value of area 2 is small, indicating it has a certain degree of sensitivity to the direction. In the case of the same area of the selected area, instead of the traditional method that selecting small area that is VOLUME 7, 2019 scattered and not available, the proposed method selected the area 4. The sum vector-difference value of area 4 is the smallest, indicating that it has a certain matching direction. For experimental area B, area 5, area 2 and area 8 selected by two methods have large sum vector-difference values and good directionality. The area 10 whose sum vector-difference value is also large is only selected by the improved method. The traditional method omitted the area 10 for its harshness of simultaneous screening of multiple threshold conditions, and separately selected the area 7 and 9 with small sum vectordifference values. Since there is no the parameter that can measure the direction navigability in the traditional method, resulting in the directionality of selected two areas are worse than other areas, and the navigability of which in the partial direction is not great.
For the above 10 areas, take the east as the reference 0
• direction, and rotate this direction 90
• counterclockwise and clockwise respectively. The direction navigability test is performed with a step size 1
• . The simulation conditions are the same as above. There are total 35 matching points in one direction calculated by INS. The length of each matching process is ten points. Then 26 matching experiments are done. The average matching rate of each matching area is shown in Fig. 5 .
It can be seen from Fig. 5 and Table 2 , for the experimental area A, the matching rate of area 1 and area 3 has no significant difference in all directions. And the difference of the area 3 is smaller, and the average matching rate of it is higher. Area 2 has a relatively low concentration area of matching rate, indicating it has a weaker directivity. For the area 4, the matching rate is high in most directions, and the matching rate is obviously decreased in the range of the 0
• . However, the overall even matching rate is higher than 70%, and the lowest value is also greater than 65%. Thus, in the case of the same selected area, the gravity information of this area can be fully utilized to let vehicle sail in it. Although some areas of which the matching rates are decreased, they can still be used. For the experimental area B, area 5, area 6 and area 8 are all less sensitive to direction and with small volatility matching rate curves. And the even matching rates of whose are higher than area 1 and area 3. Among these five areas, area 5 has the smallest difference of direction matching and highest even matching rate, and area 1 has the largest difference of direction matching and lowest even matching rate. It indicates that when the sum vector-difference is greater than a certain degree, the direction difference of the area with larger value tends to be smaller. For the area 10 selected separately by proposed method, its performance is obviously better than area 7 and 9 selected separately by the traditional method, and the matching rate in all directions is good. Area 7 and area 9 are suitable for matching in most directions, but the matching curve fluctuates greatly and the matching rate in the partial direction is less than 60%. The probabilities of mismatching of the two area are high, and the mean matching mean are significantly lower than other areas.
Based on the above analysis, the simulation results show that the area selected by the proposed method is less sensitive to direction and more suitable for matching. The traditional method may select invalid areas or miss the useful area due to the harshness and limitation of the selection conditions. And when the selected area is the same, the improved method can use the existing regional gravity information to select a better area, and the selected area has a more suitable range and a more centralized continuity, making more navigation paths available for planning. However, the matching area selected by traditional method is more dispersed, and the continuity is poor. Therefore, the proposed method is more effective and reasonable than traditional method.
V. EXPERIMENTAL RESULTS ANALYSIS
In order to further prove the effectiveness of the proposed selection method, we use the semi-physical simulation platform to carry out directional matching experiments on the area 4. The inertial trajectory data in this experiment are collected by the dual-axis rotating fiber inertial navigation system shown in Fig.6 . System parameters are as follows: the gyroscope constant drift in three directions are 0.02 • /h, the gyroscope random drifts are 0.01 • /h, the accelerometer bias in three directions are 1 × 10 4 g, the accelerometer random drifts are 5 × 10 4 g, where g = 9.80665m/s 2 . Initial angular error is 6 , initial position error is 0.1 . Gravimeter measurement noise is the white Gaussian noise whose variance is 2mgal. Underwater vehicle sailing speed is 5 knots, and the experiment time is 5 hours.
Compared with Fig. 7 and Fig. 8 , the matching route of area 1 in 89 • has been approximated to the real route, the matching error is small. Although the matching route in the direction of 1 • also seems to be similar to the real route, in fact, the matching route has overlap and reciprocating phenomena. The corresponding real point and matching point have dislocation translation, the position error is large. Because the nearer the area is to the direction of 0 • , the smaller the difference of gravity anomalies between grid points is. The difference of gravity anomaly values in the direction of 1 • is small, which makes it difficult to distinguish between grid points.
VI. CONCLUSION
Based on the local direction estimation algorithm and the perspective of decreasing the mismatch rate, the sum vectordifference is proposed to measure the navigability of the grid point. Its direction can estimate the matching direction of the point, and its modulus can measure the influence of the surrounding points on the matching of the point. The entropy method is used to fuse this parameter with other traditional parameters, and a comprehensive parameter matching area selection method which can consider the direction navigability is proposed. Simulation experiments show that the improved method is more complete in mining and utilizing regional gravity information. The selected matching area is larger and more concentrated, with better continuity. And the direction matching information of each navigation point can be carried. In the future work, it is needed to use the direction information based on actual conditions to perform path planning in the matching area to further improve the matching efficiency.
